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ABSTRACT
We analyze the morphological properties of a large sample of 1503 70µm selected galaxies in the
COSMOS field spanning the redshift range 0.01 < z < 3.5 with a median redshift of 0.5 and an infrared
luminosity range of 108 < LIR(8 − 1000µm) < 1014 L with a median luminosity of 1011.4 L. In
general these galaxies are massive, with a stellar mass range of 1010 − 1012M, and luminous, with
−25 < MK < −20. We find a strong correlation between the fraction of major mergers and LIR,
with the fraction at the highest luminosity (LIR > 10
12 L) being up to ∼ 50%. We also find that
the fraction of spirals drops dramatically with LIR. Minor mergers likely play a role in boosting
the infrared luminosity for sources with low luminosities (LIR < 10
11.5 L). The precise fraction of
mergers in any given LIR bin varies by redshift due to sources at z > 1 being difficult to classify
and subject to the effects of band pass shifting, therefore, these numbers can only be considered
lower limits. At z < 1, where the morphological classifications are most robust, major mergers
clearly dominate the ULIRG population (∼ 50 − 80%) and are important for the LIRG population
(∼ 25−40%). At z > 1, the fraction of major mergers are lower, but are at least 30−40% for ULIRGs.
In a comparison of our visual classifications with several automated classification techniques we find
general agreement, however, the fraction of identified mergers is underestimated due to automated
classification methods being sensitive to only certain timescales of a major merger. Although the
general morphological trends agree with what has been observed for local (U)LIRGs, the fraction of
major mergers is slightly lower than seen locally. This is in part due to the difficulty of identifying
merger signatures at high redshift. The distribution of the U − V color of the galaxies in our sample
peaks in the green valley (< U−V >= 1.1) with a large spread at bluer and redder colors and with the
major mergers peaking more strongly in the green valley than the rest of the morphological classes.
We argue that given the number of major gas-rich mergers observed and the relatively short timescale
that they would be observable in the (U)LIRG phase that it is plausible for the observed red sequence
of massive ellipticals (< 1012M) to have been formed entirely by gas-rich major mergers.
Subject headings: cosmology: observations — galaxies: active — galaxies: evolution — galaxies: high-
redshift — infrared: galaxies — surveys
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1. INTRODUCTION
One of the fundamental premises of hierarchical galaxy
evolution models is that galaxy mergers are one of the
primary drivers in galaxy evolution. Observations have
suggested that mergers between galaxies may account
for many of the changes seen over the history of the
universe, from morphological transformations to the as-
sembly of mass in galaxies. The merger driven evo-
lutionary sequence initially proposed by Sanders et al.
(1988a) suggests that the merger of two gas rich disk
galaxies can eventually lead to the formation of an ellip-
tical galaxy after passing through an infrared luminous
and QSO phase (Schweizer & Seitzer 1992; Toomre &
Toomre 1972). This scenario can be tested by observing
galaxies at these phases to see if they do indeed represent
a transition between disk galaxies and ellipticals.
Studies of luminous and ultraluminous infrared galax-
ies (LIRGs, LIR(8 − 1000µm) = 1011 − 1012 L and
ULIRGs, LIR = 10
12 − 1013 L) are an excellent way
to probe this aspect of the cosmological relevance of
galaxy mergers. These objects are rare in the local uni-
verse but were once much more common (e.g., Sanders
& Mirabel 1996) and even dominate the cosmic star for-
mation rate at z > 1 (Le Floc’h et al. 2005). Soon af-
ter their discovery it quickly became apparent that local
ULIRGs are dominated by strong interactions and merg-
ers (e.g., Kleinmann & Keel 1987; Sanders et al. 1987,
1988b). Subsequent studies of large samples detected by
the Infrared Astronomy Satellite (IRAS) (e.g., the Bright
Galaxy Sample (BGS): Soifer et al. 1989; the Revised
Bright Galaxy Sample (RBGS): Sanders et al. 2003; 1 Jy
ULIRG Survey: Kim & Sanders 1998) revealed that the
fraction of interactions and mergers among LIRGs and
ULIRGs is strongly correlated with luminosity (e.g., Kim
1995; Veilleux et al. 2002; Ishida 2004; Goto 2005).
In contrast to the wealth of information known about
(U)LIRGs locally, little is known about their high red-
shift counterparts. It has only recently become possible
to detect large samples of distant (U)LIRGs in the mid-
and far-infrared with the Spitzer Space Telescope and
many of the morphological studies to date have found
contradictory results (e.g., Melbourne et al. 2005, 2008;
Lotz et al. 2008a; Dasyra et al. 2008; Shi et al. 2009).
Most of these samples are based on detections at 24µm
where the MIPS detector is most sensitive. However,
even though many sources are detected at 24µm it is
difficult to place constraints on the infrared luminosity,
particularly at high redshift, with only a detection at
this wavelength. The luminosities obtained from 24µm
detections alone can be off by as much as 0.5 − 1 dex
compared to those obtained with a detection at 70µm
as well (Kartaltepe et al. 2010; hereafter Paper I). This
uncertainty makes it very difficult to look for trends as
a function of LIR and many of these samples are poten-
tially dominated by sources at the lower luminosity end
thereby biasing the results.
Identifying galaxy mergers at high redshift can also
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be problematic. High resolution imaging is necessary,
either with imaging from space (with the Hubble Space
Telescope (HST)) or with adaptive optics (AO) from the
ground, which can be observationally expensive for large
samples. The effects of surface brightness dimming and
band pass shifting also make it difficult to identify merg-
ing signatures, such as tidal tails and surrounding debris,
consistently over a wide redshift range (Abraham 1999).
Finally, it is time consuming to morphologically classify
large samples of galaxies visually, yet automated clas-
sification techniques are only sensitive to certain stages
of the merger process (e.g., Conselice 2003, 2006; Lotz
et al. 2008b)) and can suffer from contamination by non-
merging systems as the rest-frame wavelength observed
approaches the near-UV (e.g., Jogee et al. 2009). All
of these factors need to be taken into consideration for
morphological studies at high redshift.
The large area and wide redshift range observed by
the Cosmic Evolution Survey (COSMOS: Scoville et al.
2007b) makes it ideal for studying the morphological
properties of (U)LIRGs. The COSMOS field has been
observed by both HST (ACS F814W images, Koekemoer
et al. 2007) and Spitzer (in all of the IRAC and MIPS
bands). The depth of these observations allow us to iden-
tify a large sample of objects at 70µm over a wide range
in infrared luminosity and analyze their morphological
properties. This paper is the second in a two part series
on a large sample of ∼1500 70µm selected galaxies in the
COSMOS field. The first paper (Paper I) described the
selection of our sample and its general properties, then
presented the spectral energy distributions (SEDs) and
total infrared luminosity (LIR) of each source with an
average uncertainty of 0.2 dex.
This paper is organized as follows: §2 briefly intro-
duces the data sets used and §3 describes our morpho-
logical classifications and compares them to those ob-
tained by automated methods. §4 presents the color-
magnitude diagrams for our sample as a function of lu-
minosity and redshift. We discuss our results in §5 and
summarize our findings in §6. Throughout this paper we
assume a ΛCDM cosmology with H0 = 70 km s
−1 Mpc−1,
ΩΛ = 0.7, and Ωm = 0.3. All magnitudes are in the AB
system unless otherwise stated.
2. THE 70µM SAMPLE
2.1. The Data Sets
The 70µm sample used in this study was selected from
the Spitzer-MIPS coverage of the COSMOS field taken
during cycles 2 and 3. The details of the Spitzer IRAC
and MIPS data acquisition, reduction, and catalogs can
be found in Sanders et al. (2007), Le Floc’h et al. (2009),
and Frayer et al. (2009). The main optical imaging data
used for this study were obtained as a part of the COS-
MOS Treasury project with HST using the Advanced
Camera for Surveys (ACS) and the F814W filter (Koeke-
moer et al. 2007). The high resolution (FWHM = 0.09′′)
is needed for the morphological analysis presented in the
next section. Where available (∼ 5% of the 70µm sam-
ple), the NICMOS images (Scoville et al. 2007a) are also
used to discuss the effect of band-shifting on the mor-
phology of the sample. Details on these and all of the
rest of the multiwavelength data sets are given in Paper
I and references therein.
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The full UV–NIR multiwavelength data set was used
to derive photometric redshifts, stellar masses, and rest-
frame colors using the template fitting code Le Phare.21
See Ilbert et al. (2009, 2010) and Salvato et al. (2009) for
a complete description of these quantities. Spectroscopic
redshifts were used where available from z-COSMOS
(Lilly et al. 2007), IMACS (Trump et al. 2007, 2009), and
DEIMOS on Keck II (Kartaltepe et al., in prep.). Photo-
metric redshifts were derived for all galaxies (Ilbert et al.
2009) and X-ray detected AGN (Salvato et al. 2009) in
the COSMOS field using fluxes in 30 bands and the me-
dian of the probability distribution function determined
by Le Phare using the templates of Polletta et al. (2007)
and Bruzual & Charlot (2003). These redshifts have an
unprecedented accuracy dz/(1 + z) = 0.007 at i+ < 22.5
(0.02 for AGN) and 0.012 (0.03 for AGN) at i+ < 24
out to z < 1.25. Spectroscopic redshifts are available for
∼ 40% of the 70µm selected sample used in this paper.
A detailed comparison of the photometric and spectro-
scopic redshifts for this sample is included in Paper I.
The stellar masses used in this paper were derived from
the absolute K band magnitude using the analytical re-
lation from Arnouts et al. (2007) with a Chabrier (2003)
IMF.
2.2. Luminosities
In Paper I we presented the full spectral energy distri-
butions from the UV through the far-infrared (FIR) of
a large sample of 1503 70µm selected sources from the
ACS area of the COSMOS field. We estimated the to-
tal infrared luminosity (LIR) by fitting a set of infrared
templates to the 8, 24, 70 and 160µm (where available)
data points. These luminosities are presented in Figure
12 and Table 3 of Paper 1 and are included in Table 1
here (column 3) along with their uncertainties. The mean
uncertainty on LIR is 0.05 dex for sources with 160µm
detections and 0.2 dex for those without. All together,
we identified 686 LIRGs, 305 ULIRGs, and 31 HyLIRGs
(Hyperluminous Infrared Galaxies, LIR > 10
13 L). For
details on the sample selection, SED template fitting,
and general sample properties, see Paper I.
3. MORPHOLOGICAL ANALYSIS
In order to understand the structural properties of our
70µm selected sample and identify merger signatures we
classified each of the 1503 galaxies into several morpho-
logical categories described below. Each of the galaxies
was classified visually by JSK. The main motivation for
choosing the visual inspection method is the advantage
of pattern recognition provided by the human eye, par-
ticularly for identifying low surface brightness features.
Of course visual classification is time consuming and is
subject to biases dependent on the individual doing the
identification. For this reason, we have also carefully
selected a comparison sample of “normal” galaxies and
classified them in the same way. We also compare the re-
sults of our visual classifications to the results of several
automated classification techniques.
3.1. Classification
21 http: //www.cfht.hawaii.edu/∼arnouts/LEPHARE/cfht lephare/lephare.html
Each of the 1503 70µm selected galaxies in our sample
were classified into the categories described below. Sam-
ple objects in each of these categories (in three different
redshift bins) are shown in Figures 1 and 2. Note that
some objects can fall into multiple categories. For ex-
ample, a galaxy can be a spiral and be part of a minor
merger.
Spiral (S): Galaxies with a clear spiral/disk structure.
This category includes barred and edge on spirals.
Elliptical/S0 (E): Galaxies that are spheroidal in ap-
pearance and have no obvious sign of a spiral disk. S0
galaxies are included in this category with the usual
caveat that it can be difficult to distinguish between spi-
rals and S0s, especially at large inclinations.
QSO (Q): Galaxy with a central point source. In most
cases, the QSO overwhelms the host galaxy such that no
other information can be discerned about its structure.
Unknown (U): Galaxies in this category are too faint
or small to classify into any of the other categories or are
irregular but not clearly mergers.
Minor Merger (m): Galaxies with a slightly disturbed
morphology (e.g., warped disks, asymmetric spiral arms,
etc.) and no evidence for a large companion (and there-
fore not likely to be early stage major mergers) or a small
companion at the same redshift.
Major Merger (M): Galaxies with a signature of an on-
going or past major merger event. These objects are fur-
ther grouped into one of several interaction classes based
on the classification scheme first presented by Surace
(1998) and Veilleux et al. (2002). This scheme has its
foundation in the interaction stages seen in numerical
simulations (Barnes & Hernquist 1992; Mihos & Hern-
quist 1996) and thus these interaction classes are tied to
the merger phase that the galaxy is currently in. How-
ever, we note that classifying galaxies at high redshift
into these categories can be difficult, particularly due to
the difficulty of identifying low surface brightness fea-
tures such as tidal tails and surrounding debris and thus
we expect there to be considerable overlap between these
classes, particularly classes II, III, and IV.
• First approach (I): In this stage the galaxy has a
companion at the same redshift (∆z < 0.05 for
sources with photometric redshifts only) but no
signs are present to indicate that they are beyond
the first passage stage (i.e., no tidal features or dis-
turbed morphologies).
• First contact (II): At this stage, the two galaxies
overlap but have not yet formed strong tidal fea-
tures.
• Pre-merger (III): In these systems, the galaxy is ei-
ther a member of a pair or a single system with two
nuclei. These galaxies have well-developed tidal
tails and/or a disturbed morphology. This group
is further divided in two based on the nuclear sepa-
ration of the galaxies, (a) for separations > 10 kpc
and (b) for separations < 10 kpc. Some of these
pairs are two separate objects in our catalogs and
some are a single blended object. Due to lower reso-
lution at high redshift, it is likely that some sources
that would be classified as IIIb locally would be IV
at high redshift if the two nuclei appear as one.
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Unknown
Spiral
Elliptical/S0
QSO
Minor
Merger
0 < z < 0.5 0.5 < z < 1.0 z > 1.0
Figure 1. Postage stamp images from the HST/ACS mosaic (Koekemoer et al. 2007) of sample galaxies in each of the morphological
categories: spiral, elliptical/S0, QSO, unknown, and minor merger. Samples are shown in three different redshift bins to illustrate the
changes in resolution and surface brightness with redshift.
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I
II
III
IV
V
0 < z < 0.5 0.5 < z < 1.0 z > 1.0
Figure 2. Postage stamp images from the HST/ACS mosaic (Koekemoer et al. 2007) of sample major mergers in each different interaction
classes, I–V shown in three different redshift bins to illustrate the changes in resolution and surface brightness with redshift.
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• Merger (IV): This stage takes place after the co-
alescence of the two objects into a single nu-
cleus. These objects still have clear merger sig-
natures such as tidal features and disturbed mor-
phologies. These objects are further divided into
two groups depending on the compactness of the
galaxy. Veilleux et al. (2002) use the ratio of the
luminosity within 4 kpc to the total luminosity to
define diffuse mergers (a, ratio < 1/3) and com-
pact mergers (b, ratio > 1/3). Here, we use the
concentration parameter (the logarithmic ratio of
the radii enclosing 80% and 20% of the total galaxy
flux; see §3.4) to separate our sample into diffuse
(a, C < 2.7) and compact (b, C > 2.7) merger
classes.
• Old merger / merger remnant (V): These objects
have no tidal features but do still have disturbed
central morphologies and possibly knots of star for-
mation and surrounding debris. The lack of tidal
features is the primary way to distinguish between
class IV and V objects. This category also includes
objects with a relaxed core and surrounding debris,
indicative of a merger remnant.
Groups (G): Finally, a small fraction of the galaxies
in our sample appear to be a member of a close group
of three or more objects. All of these objects are also
classified into one of the above interaction classes, but we
include this category to note which are part of a larger
group.
The results of the classification are presented in Ta-
ble 1. Column 6 lists the classification(s) assigned to
each object in our sample along with their redshifts (col-
umn 4) and total infrared luminosity (column 3). The
nuclear separations between major and minor merger
galaxy pairs and double nuclei are presented in column
7 and plotted in Figure 3. The majority of these (74%)
have nuclear separations less than 30 kpc, though there
is a significant tail at separations out to ∼ 65 kpc. The
separation into the major and minor merger classes was
initially done visually, based on the relative appearance
of the two objects. The bottom panel of Figure 3 shows
the stellar mass ratios for each of the pairs for which pho-
tometry is available for the galaxies individually. Most of
the objects classified as major mergers have small ratios
(84% with a ratio < 3 : 1, 90% with a ratio < 5 : 1). The
minor mergers span a larger range, from 5:1 to over 100:1.
For consistency with the definition of major/minor merg-
ers commonly used in the literature, we adopt a strict
division of mass ratio 3 : 1 and reclassify the major merg-
ers with larger mass ratios as minor mergers. This only
affects 70 galaxies in our sample. Note that the stellar
masses used in this paper and listed in Table 1 are for the
optical counterpart to the 70µm source. For pairs that
are blended in the optical photometry, the mass given
is for both objects. For pairs with photometry for both
objects, only the mass of the one chosen as the most
likely counterpart is given. However, the total mass of
the system can be obtained using the given mass ratio.
In order to test the robustness of this classification
scheme at high redshift, we have artificially redshifted
the 88 (U)LIRGs in the GOALS sample (Great Obser-
vatories All-sky LIRG Survey: Armus et al. 2009) with
Figure 3. Nuclear separation between pairs of galaxies and double
nuclei for all major (black solid) and minor (blue dashed) mergers
in the 70µm sample (top) and their stellar mass ratios (bottom).
Note that most of the mergers have nuclear separations < 30 kpc
with a tail that goes out to ∼ 70 kpc. Most of the major mergers
(∼ 90%) have mass ratios < 5 : 1 while the minor mergers have
ratios from 5:1 to beyond 100:1. For consistency with the defini-
tion typically used in the literature for major and minor mergers,
we adopted a strict stellar mass ratio dividing line of 3 : 1 and
reclassified the 70 major mergers with mass ratio > 3 : 1 as minor
mergers.
HST/ACS images out to redshifts 0.5, 1, 2, and 3 us-
ing the code FERENGI (Barden et al. 2008). We then
classified each of the GOALS sources using the same clas-
sification scheme at each redshift and compared the re-
sults. We find that 46 of the 88 sources (52%) retain
their classification at all redshifts. For the remaining 42,
the fraction of sources that change classification is depen-
dent on redshift. Ten sources (11%) change at z = 0.5,
13 sources (15%) change at z = 1, and 19 sources (22%)
change at z = 2. The sources that change category typ-
ically go from one merger classification to another, e.g.,
from a class IIIb to a class IV. In a few cases, an ob-
ject classified as a class III becomes a class II as surface
brightness dimming causes the tidal features to become
too faint to detect. It is worth noting that there are very
few objects in our 70µm sample at z > 2 that we were
able to classify (18 objects). Among these, objects that
are pairs or double nuclei are easy to distinguish from the
rest, but we note that some of the objects classified as
more advanced mergers (i.e., class IV or V) may also have
double nuclei below the resolution limit at high redshift.
The artificial redshifting test indicates that the classifi-
cation (including the interaction class) does not change
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Figure 4. Fraction of 70µm sources that are morphologically clas-
sified as spirals (blue solid line), ellipticals (red solid line), minor
mergers (green dotted line), major mergers (dark green solid line),
QSOs (yellow solid line), unknown (black dashed line), or major
mergers+unknown (green dashed line) as a function of LIR. Note
that the fraction of galaxies classified as spirals drops dramatically
with LIR while the fraction of major mergers increases. There is
also a larger fraction of galaxies classified as unknown at high LIR
which corresponds to high redshift.
for 74% of the sources out to z = 1.
As an additional test, we chose a randomly selected
subset of objects (600 in total) spanning the full range
of redshift, luminosity, and morphology to be classified
by at least 3 people. These objects were individually
classified by JSK, AMK, MS, HA, DJT, JT, VFB, &
SLF in the same manner and using the same classifica-
tion scheme as the full sample. For galaxies classified as
mergers, all three classifiers agree for 51% of the objects
and 2 out of 3 agree for another 33%. Within mergers,
the most common disagreement is whether to classify
the merger as class IV or V, as expected due to the dif-
ficulty of identifying tidal features. This general agree-
ment is encouraging and the points of disagreement are
as expected. For the sample as a whole, all three clas-
sifiers agree for 34% of the objects and 2 out of 3 agree
for another 42%. Most of the discrepancies are between
whether or not an object is a spiral or a minor merg-
ers since the slight asymmetries/warps can be difficult
to recognize. In some cases, a pair of galaxies classified
as a merger by other classifiers could be rejected based
on the redshifts of the objects.
The relationship between galaxy morphology and lu-
minosity is presented in Table 4 for all of the visual clas-
sifications and in Table 3 for major mergers broken down
into interaction class. For these tables we only include
each object in one category based on the dominating clas-
sification. For example, if a spiral has a minor companion
but no signs of interaction then the object is placed in
the spiral category. On the other hand, if the spiral has a
disturbed morphology such as a warped disk or asymmet-
ric arm, then it is placed in the minor merger category.
For this reason, pairs of galaxies in interaction class I
are not included in the major merger category in either
table. Instead, objects in this class are included in either
the spiral or elliptical category since the interaction has
not yet taken place and there is no evidence of disturbed
morphology or tidal features. This is an important con-
sideration because some fraction of the objects in class
I are chance projections while the objects in the other
interaction classes are bona fide mergers as evidenced by
the presence of merger signatures such as tidal tails.
The merger fraction in Table 4 for each morpholog-
ical class are also plotted in Figure 4 as a function of
LIR. This clearly shows that the fraction of spirals drops
dramatically as LIR increases. Approximately 70% of
sources with LIR < 10
10 L are spirals while less than
10% of objects above 1012.5 L are. The fraction of
E/S0 galaxies among 70µm sources does not appear to
change very much. Approximately 15% of low luminosity
sources are E/S0 while ∼ 10% of sources above 1010 L
are. This fraction remains roughly constant with possi-
bly a slight increase for HyLIRGs (16%). The fraction
of minor mergers also decreases slightly with luminosity
but this is partly due to the fact that minor compan-
ions and small distortions become difficult to identify at
higher redshifts.
Consistent with results in the local universe, the frac-
tion of objects that are major mergers increases with
LIR. Only 5% of sources with LIR < 10
10 L are major
mergers. This increases slightly (to ∼ 8%) for sources
with 1010.5 < LIR < 10
11 L to 20% for low luminos-
ity LIRGs (1011 < LIR < 10
11.5 L) to ∼ 40% for high
luminosity LIRGs and ULIRGs. The fraction of major
mergers drops to 32% for HyLIRGs. However, these frac-
tions can be seen as lower limits since the fraction of
galaxies classified as “unknown” also increases strongly
with luminosity. This is most likely due to the fact that
the high luminosity sources are also at higher redshift
making them more difficult to classify morphologically.
Nearly 30% of sources fall into this category at the high
luminosity end. Additionally, the fraction of objects clas-
sified as major mergers in this study should be consid-
ered a lower limit since not all mergers are expected to
produce prominent merger signatures, such as tidal tails,
that would be visible at high redshift (i.e., prograde ver-
sus retrograde mergers). It is possible that deeper imag-
ing of objects classified as spirals, ellipticals, or unknown
would reveal such signatures. The fraction of QSOs also
increases with LIR – there are none with LIR < 10
11.5 L
and the fraction rises in the three subsequent bins with
∼20% of HyLIRGs falling into this category. However,
this category only includes objects morphologically clas-
sified as a point source and is not indicative of all AGN
in the sample as will be further discussed in §5.
The fraction of major mergers in each interaction class
also correlates with LIR. Most notable is that the ma-
jority of class I and II objects have low luminosities
(< 1011 L) while most objects at the high luminosity
end are class III and IV. The fraction of class V objects
remains fairly constant for all luminosities, though it is
difficult to determine if this is a real effect or simply due
to class V objects being difficult to identify at high red-
shift.
In order to disentangle trends with redshift from trends
with luminosity, we have divided up the sample into sev-
eral redshift and luminosity bins, as shown in Table 4
and illustrated in Figure 5. We find that out to z ∼ 1,
where our morphological classifications are most robust,
the trend of morphology with luminosity is quite strong.
In the 0.5 < z < 1.0 redshift bin, 26% of sources with
8 Kartaltepe et al.
Figure 5. Histograms color coded by morphology for the 70µm selected sample as a function of LIR divided into several different redshift
bins. The detailed numbers for each bin are shown in Table 4.
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Figure 6. Distribution of stellar masses for the 70µm selected
sample (black) and the optically selected comparison sample (blue).
The comparison sample is limited to the same mass range as the
70µm sample to allow for a more robust comparison of similar mass
galaxies.
LIR = 10
11.0 − 1011.5 L have signatures of major merg-
ers while 44% are spirals and 24% are minor mergers.
For sources with LIR = 10
11.5 − 1012.0 L, 43% are ma-
jor mergers, 21% are minor mergers, and 29% are spi-
rals. At ULIRG luminosities of LIR = 10
12.0−1012.5 L,
47% are major mergers, 21% are minor mergers, and
24% are spirals. For sources with extreme luminosities
of LIR = 10
12.5−1013.0 L, 88% are major mergers, while
none are minor mergers or spirals. At higher redshifts
(z > 1) the fraction of sources classified as unknown in-
creases dramatically, and the total number of sources at
these redshifts is small, so it is unclear from this dataset
whether these fractions would remain the same out to
z ∼ 2 or 3. However, even though these numbers are
lower limits, ∼ 30% to 40% of ULIRGs and HyLIRGs
out to z ∼ 3 have clear signatures of major mergers.
Additionally, > 20% of HyLIRGs are QSOs.
3.2. Comparison Sample
Given the subjective nature of the visual classifications
applied to our 70µm selected sample we have also clas-
sified a sample of optically selected galaxies for compar-
ison. We chose four different redshift bins for the com-
parison (0.4 < z < 0.6, 0.8 < z < 1.0, 1.0 < z < 2.0,
and 2.0 < z < 3.0) and randomly selected ∼ 200 (ap-
proximately the same number of 70µm selected galaxies
in each of these bins) within the ACS coverage of the
COSMOS field. We also limited the optical sample to
the same range of stellar masses as the 70µm sample
(10 < log(M/M) < 12) in order to avoid any system-
atic differences between the two samples. The stellar
mass distribution of both the 70µm and optically se-
lected comparison samples is plotted in Figure 6 for each
of these four bins.
We then classified each of these galaxies into the same
Figure 7. Top: LIR as a function of redshift for the entire 70µm
selected sample with the first two redshift bins used for the compar-
ison sample highlighted. Bottom: LIR distribution of the 70µm
selected sample in all four redshift bins used for the comparison
sample. Note that the four redshift bins probe slightly different
ranges in LIR.
morphological categories as described in the previous sec-
tion. The results of the comparison are summarized in
Table 5. In each of the redshift bins, the 70µm selected
sample contains significantly more mergers and fewer spi-
ral and elliptical galaxies than the optically selected sam-
ple. This indicates that the high fraction of galaxy merg-
ers seen in the 70µm sample is not simply a result of a
biased classification (i.e., looking for merger signatures
in the first place). It also helps to disentangle trends
with redshift from trends with luminosity. For example,
the fraction of minor mergers decreases with redshift be-
tween each of the two comparison bins. This is likely due
to small companions and slightly disturbed morphologies
being more difficult to see at high redshift. Note that as
expected, the fraction of objects classified as unknown
increases with redshift for both the 70µm sample and
the comparison sample.
As a test of the classification of our comparison sam-
ple, we compared our results in the 0.4 < z < 0.6 redshift
bin to the results of Lotz et al. (2008a) and Jogee et al.
(2009) over similar mass and redshift ranges. Lotz et al.
(2008a) find that 13 ± 3% of their optically selected lu-
minous (LB > 0.4L
∗
B) galaxies are classified as merger
candidates using the Gini-M20 technique (described in
§3.5). Similarly, Jogee et al. (2009) find that 8 − 9% of
galaxies with stellar masses M > 2.5 × 1010M are vi-
sually classified as mergers at 0.24 < z < 0.8. In our
optical comparison sample, we find that 13% of the 220
objects at 0.4 < z < 0.6 are classified as ongoing major
mergers (interaction classes II–V). Given the small num-
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Figure 8. Redshift and infrared luminosity distributions for the
74 70µm sources with HST-NICMOS imaging in the H band (black
solid line, representing ∼ 5% of the full sample) with the nor-
malized distributions of the full 70µm sample over plotted (gray
dashed line). The sources span the full redshift and luminosity
range of the full sample, but there are very few beyond z = 0.8
(16 sources) where the near-infrared imaging covers the rest-frame
optical.
bers of galaxies in the comparison sample, our results are
generally consistent with both of these two studies at low
redshift.
3.3. Effects of Band-Shifting
The ACS images used for our morphological analysis
were all taken using the F814W (I-band) broad-band fil-
ter. At higher redshifts, this filter traces shorter rest-
wavelengths and by z > 1 the images are really probing
the rest-frame UV emission. The necessity of the high-
resolution HST images makes it difficult to study and
account for the morphological k-corrections necessary as
a result. In order to test for the effect this band-shifting
has on our morphological classifications, we compared
our classifications obtained in the optical with those ob-
tained in the near-infrared using the small sample of ob-
jects covered by the NICMOS parallel observations.
In total 74 of our 70µm sources have H-band imag-
ing from NICMOS available. The redshift and lumi-
nosity distributions for this sub-sample is shown in Fig-
ure 8. While this sub-sample spans the full range of
redshifts and luminosities, very few (11) are at high red-
shift (z > 1). We then classified these 74 objects into the
same morphological categories used for the ACS images.
We find that the classifications agree for all but 14 (19%)
of our sample. For those that disagree, 9 (< z >= 1.04)
are simply too faint or small in the NICMOS images to
classify, one object (z = 0.24) classified as a spiral in the
optical was classified as an S0 in the near-infrared, one
object (z = 0.22) classified as an old merger in the op-
tical was classified as an elliptical in the near-infrared,
two objects (z = 1.44 and z = 2.00) that were were
classified as unknown in the optical due to their faint-
ness were classified as a merger and an old merger in
the near-infrared, and one object (z = 0.66) that was
classified as a pre-merger (class III) in the optical was
classified as a pair on first approach (class I) in the near-
infrared due to the low resolution of the NICMOS image.
Though there are too few objects in this sub-sample to
draw statistical conclusions, the overall agreement is en-
couraging, particularly since those objects that changed
classes when looking at the near-infrared tend to change
from one merger class to another or were simply too faint
or of insufficient resolution.
It is also worth noting that any bias introduced in the
morphological classifications due to band-shifting will af-
Figure 9. Distribution of the five automated morphological pa-
rameters (concentration, asymmetry, clumpiness, gini, and M20) as
well as the Cassata et al.(2010) classification for the 70µm sample.
Over plotted (dotted line) is the normalized distribution for the en-
tire optically selected (I < 23.8) morphological sample. Note the
differences in clumpiness, Gini, M20, and automated classification
between the full optically selected sample and the 70µm selected
sample.
fect the comparison sample as well so we would expect
to see any resulting trends in both samples.
3.4. Automated Morphological Parameters
One of the difficulties of studying the morphologies of
objects from large surveys is that it can be time consum-
ing and cumbersome to classify large samples by eye.
Automated classification techniques have many benefits
over visual classification; they are faster, less subjec-
tive, and more likely to provide consistent results. They
also offer a way of studying information about galaxy
structure beyond classification into the simple Hubble
sequence. This is particularly important at high redshift
where galaxies tend not to conform to Hubble type mor-
phologies.
We use several quantitative morphological measure-
ments of our sample of 70µm selected galaxies and com-
pare the results with our visual classifications. We use
the catalog of Cassata et al.(2010, in preparation) which
includes the five parameters discussed here (concentra-
tion, asymmetry, clumpiness, Gini, and M20) measured
using a “quasi-Petrosian” technique. Cassata et al.also
used the entire multi-dimensional parameter space to au-
tomatically assign each galaxy to elliptical/S0, spiral,
or irregular classes. 1433 objects out of our sample of
1503 (95%) 70µm sources have a high enough S/N (i.e.,
I < 23.8) to reliably measure each of these parame-
ters. We show the distribution of all six of these quan-
tities in Figure 9 along with the normalized distribution
for the entire optically selected galaxy population (with
I < 23.8).
The concentration index (C: Kent 1985; Abraham
et al. 1994, 1996; Bershady et al. 2000) is a measure of
the logarithmic ratio of the radii enclosing 80% and 20%
of the total galaxy flux. The values range from ∼ 2 − 5
where a galaxy with a value of C = 2.7 has an expo-
nential disk and a galaxy with C = 5.2 has an r1/4 law
profile (Bershady et al. 2000). Our 70µm sample has
< C >= 2.95, slightly higher than the full optically se-
lected sample (< C >= 2.77). The median value and
standard deviation for all of the morphological parame-
ters are listed in Table 6 as a function of LIR. Surpris-
ingly, the median concentration parameter is constant for
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all ranges in LIR.
The rotational asymmetry parameter (A: Abraham
et al. 1996; Conselice et al. 2000) is measured by sub-
tracting a galaxy’s image rotated by 180 degrees about its
center from itself. Conselice (2003) defines galaxies with
A > 0.35 as being major mergers but notes that in the lo-
cal universe mergers span a wide range in asymmetry and
thus this parameter is only sensitive to certain phases of
the merging process. Our sample has < A >= 0.15, sim-
ilar to that of the full optical sample, and 172 galaxies
(12%) have A > 0.35. The median value of A increases
with LIR from 0.11 at < 10
10L to 0.25 for ULIRGs.
It should also be noted that at high redshifts the value
of A can decrease by 0.05 − 0.15 due to the decreased
resolution and the effects of surface brightness dimming
(Conselice et al. 2000, 2003; Lotz et al. 2008b) though
some of this is countered by morphological k-corrections
(Conselice et al. 2008). This has a small effect on our
sample, i.e., 230 (16.5%) of the galaxies have A > 0.3.
The clumpiness parameter (Conselice 2003) measures
the patchiness of the light distribution within a galaxy.
This patchiness can be related to a number of physical
aspects of a galaxy including its inclination, the presence
of dust lanes, and star formation. For ellipticals, the
smooth light distribution results in a clumpiness value
near 0. Our sample has a median clumpiness of −0.05
and is on average smoother than the full optical sample
(0.12). Table 6 indicates that there is a trend for galaxies
to become clumpier at higher LIR and the overall spread
in values increases as well.
The Gini coefficient (G: Abraham et al. 2003; Lotz
et al. 2004) measures the distribution of flux values
among the pixels of the image of a galaxy. Gini is highly
correlated with the concentration parameter but is differ-
ent in that it does not depend on the central position of
the galaxy (Lotz et al. 2004). Galaxies with bright nuclei
and compact galaxies have high values of Gini whereas
diffuse galaxies such as late type spirals have low val-
ues. The Gini coefficient shows the greatest difference
between the 70µm sample (< G >= 0.50) and the full
optical sample (< G >= 0.41) and there is no clear trend
between Gini and LIR. However, the standard deviation
of the Gini values becomes very small at > 1011 L, in-
dicating that there is very little spread in Gini at high
LIR.
M20 is a measure of the second-order moment of the
brightest 20% of pixels in a galaxy’s image (Lotz et al.
2004). This parameter is particularly useful because it is
sensitive to merger signatures, especially multiple nuclei
in a galaxy. The 70µm selected sample has on average
higher M20 values (< M20 >= −1.74) than the full op-
tical sample (< M20 >= −1.54). There is also a clear
trend of higher M20 values with LIR.
It is worth noting that the values presented in Ta-
ble 6 have not been k-corrected. It is expected that
these values will change somewhat as a function of rest-
frame wavelength (e.g., Taylor-Mager et al. 2007). For
example, galaxies have been observed to be clumpier at
shorter wavelengths due to regions of prominent star for-
mation. Therefore, trends seen here with LIR might also
be due to observing the rest-frame UV at z > 1. In
order to study these automated classifications system-
atically, high-resolution images probing the same rest-
Figure 10. Asymmetry versus concentration for the 70µm se-
lected sample divided by their visual classifications. The dotted
line is at A = 0.35 (log(A) = −0.46), the dividing line above which
objects are expected to be major mergers (Conselice 2003). The
dashed lines represent the boundaries between early, intermediate,
and late/irregular galaxies from Bershady et al. (2000). Note that
there is general agreement between the visual classification and
the location of the galaxy on the concentration-asymmetry plane,
though with considerable overlap.
frame wavelength across the full redshift range is needed.
This will be possible with future work using near-infrared
imaging from WFC3 on HST for the objects with z > 1.
3.5. Comparison of Visual and Automated
Classifications
The last three columns of Table 6 lists the percent-
age of objects in each Cassata et al.classification (ellip-
ticals/S0, spirals, or irregulars) as a function of LIR. As
for the visual classifications in Table 4, a clear trend can
be seen. The fraction of spirals decreases from ∼ 50%
at the low luminosity end to 25% for ULIRGs. Likewise,
the fraction of irregulars increases strongly from ∼ 20%
at low luminosities to > 50% for ULIRGs. While this
fraction is not as high as that obtained with the visual
classification, the relative agreement is an indication that
both classification methods are robust.
In Figure 10 we plot the asymmetry and concentration
parameters against one another separated by the visual
classification assigned to each galaxy. In the case where
a galaxy has multiple classifications we use the one that
appears to be dominant (i.e., a spiral-spiral pair in in-
teraction class I would be a spiral and an unperturbed
spiral or elliptical with a small minor companion would
be considered a spiral or elliptical, respectively). The
location of galaxies on this plane has traditionally been
used as a method for separating irregular/peculiar galax-
ies from spirals and ellipticals (e.g., Abraham et al. 1996;
Bershady et al. 2000; Conselice et al. 2000; Cassata et al.
2005; Shi et al. 2006). The horizontal dotted line marks
the asymmetry value of 0.35 above which objects can
be considered to be mergers (Conselice 2003). The two
dashed lines represent the boundaries of Bershady et al.
(2000) separating early type galaxies (bottom of plot),
intermediate spirals (between the lines), and late spirals
and irregular galaxies (top). On average, this separation
appears to work well. The majority of the galaxies visu-
ally classified as spirals fall between the two lines, though
many also fall into the early and irregular areas as well.
The same is true for the E/S0 galaxies, the majority fall
below the line into the area that should be dominated
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Figure 11. Asymmetry versus Gini for the 70µm selected sample
divided by their visual classifications. The two dotted lines repre-
sent A = 0.35 (log(A) = −0.46), the dividing line above which
objects are expected to be major mergers (Conselice 2003) and
G = 0.5 (log(G) = −0.30), above which galaxies are expected to
be elliptical. Once again, there is general agreement between the
visual classification and the placement of the galaxies on the Gini-
Asymmetry plane, particularly for the E/S0 galaxies.
by early type galaxies and a few scatter up into the spi-
ral area. All of the objects classified as QSOs fall into
the early-type area of the diagram. Most of the minor
mergers fall into the spiral area with a few scattering
into the early and irregular type areas. This is not sur-
prising since the morphologies of the minor mergers are
only slightly disturbed. The major merger galaxies have
the largest spread in the concentration-asymmetry plane.
Some (∼ 20%) of them fall above the Bershady et al. di-
viding line indicating that they have irregular morpholo-
gies and some (25%) fall above the Conselice et al. (2003)
asymmetry value of 0.35. However, most fall in the area
occupied by spirals and a few into the early-type area.
Interestingly, most of the galaxies that were too faint or
small to classify visually have high asymmetry values at
the upper end of the diagram. These likely have irregular
morphologies and are possibly mergers as well. While the
concentration/asymmetry plane does a good job on av-
erage of separating galaxies of the different classes there
is considerable overlap. Using this plane to select major
mergers would result in missing the majority of mergers.
Since the Gini coefficient and the concentration param-
eter are closely related, the results in the Gini-asymmetry
plane are similar (Fig. 11). Abraham et al. (2007) and
Capak et al. (2007) use the Gini coefficient to separate
early type galaxies as objects with G > 0.5, over plotted
as the dotted vertical line. While this division selects
nearly all galaxies visually classified as ellipticals/S0, it
also selects many spirals and merging galaxies.
Conselice et al. (2008) proposed an additional crite-
rion of asymmetry values greater than the values for
clumpiness (their Eq. 5) to identify mergers. This is
expected to exclude galaxies that are asymmetric only
due to clumpy star formation and not an ongoing merger.
Figure 12 shows the 70µm selected galaxies plotted in the
asymmetry-clumpiness plane with these two selection cri-
teria over plotted as dashed lines. Although most of the
galaxies that meet these criteria (131 objects) are ma-
jor mergers by their visual classification, some galaxies
with other classifications do as well, particularly minor
mergers and spirals. It is encouraging to note that very
Figure 12. Asymmetry versus Clumpiness for the 70µm selected
sample divided by their visual classifications. The two dotted lines
represent A = 0.35 (log(A) = −0.46) and A > Clumpiness, above
which objects are expected to be major mergers (Conselice et al.
2008). Though most of the objects that meet these criteria are
visually classified as major mergers, some galaxies of each mor-
phological type do as well. Very few of the unknown objects or
ellipticals meet these criteria.
few, if any, of the objects classified as unknown, ellipti-
cal, or QSOs would be considered major mergers by this
classification. Jogee et al. (2009) find that the fraction
of visually classified mergers that match these criteria
ranges from 14−73%, depending on the mass and redshift
range studied. For the typical mass and redshift range of
our sample, a recovery fraction of ∼ 50% represents the
best comparison. Our recovery fraction (21%, 74/351)
is substantially lower, though this is likely because we
are including galaxies at a higher redshift than the Jogee
et al. (2009) study. Taylor-Mager et al. (2007) find that a
galaxy’s morphological parameters change as a function
of rest-frame wavelength, such that their asymmetry and
clumpiness values increase at shorter wavelengths. They
suggest modifying the major merger selection criteria to
A > 0.5 and A > clumpiness when looking at the rest-
frame UV. Since the values of A can also decrease by
0.05 − 0.15 at high redshift (Conselice et al. 2008), we
Figure 13. Gini versus M20, as plotted in Lotz et al. (2004),
for the 70µm selected sample divided by their visual classifica-
tions. The dashed lines represent the boundaries between mergers,
early, and late type morphologies as derived from EGS galaxies
at 0.2 < z < 1.2 by Lotz et al. (2008a). Although there is gen-
eral agreement between the spiral/elliptical visual classifications
and the location on the Gini-M20 plane, though with considerable
overlap, very few of the major mergers occupy the major merger
portion of the diagram though some spirals and minor mergers do.
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Figure 14. Asymmetry versus concentration (top left), asymmetry versus Gini (top right), asymmetry versus clumpiness (bottom left),
and Gini versus M20 (bottom right) as in Figs. 10, 11, 12, and 13, respectively, for all of the 70µm sources visually classified as major mergers
color coded by their interaction classes. The dividing lines between classes are the same as shown in Figs. 10-13 and the morphological
classes based on these divisions are labeled in blue. Interaction Class III and IV objects separate out neatly in the concentration-asymmetry
and Gini-asymmetry planes while the class V objects separate out in the Gini-M20 and Gini-asymmetry planes.
adopt the original criteria in Figure 12 for this discus-
sion.
Lotz et al. (2004) use the Gini-M20 plane to select
mergers. We plot our sample in this plane in Figure 13,
again separated by their visual classification. The bound-
aries between mergers (top/left portion of plot), early-
type (right side), and late-type (bottom/center) galax-
ies are over plotted with dashed lines. These bound-
aries are from Lotz et al. (2008a) based on galaxies from
the Extended Groth Strip (EGS) over the redshift range
0.2 < z < 1.2. These boundaries work well for the visu-
ally classified spiral and elliptical galaxies, though with
considerable overlap. Almost all of the unknowns and
minor mergers fall into the spiral area. It is interesting
to note that very few of the objects in our sample satisfy
the merger criteria here. Even for the objects visually
classified as major mergers, only a handful lie above the
line. The ULIRG sample used by Lotz et al. (2004) to
define the criteria showed that mergers with double nu-
clei had the largest offset while those in pairs had the
smallest. ULIRGs with a single nucleus also have a small
offset but a slightly higher Gini coefficient. Lotz et al.
(2008b) confirms this result with simulations of galaxy
mergers and finds that mergers are the most disturbed
in Gini-M20 space at the moment of first passage and at
final coalescence.
We plot all four of these parameter planes for the ob-
jects visually classified as major mergers in Figure 14
color coded by their interaction classes. Almost all of
the objects that would be classified as irregulars in the
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Figure 15. Fraction of galaxies in the 70µm sample identified
as mergers using each of the different classification techniques as
a function of LIR. Note that the fraction of galaxies classified
as mergers visually does not quite match the fraction depicted in
Figure 4 since the fraction here is limited to objects with reliable
automated morphological parameters for a fair comparison.
concentration-asymmetry plane have interaction classes
IIIa and IIIb which means they are all either pairs or
single objects with double nuclei. Most of the class IV
and V objects lie in the early-type area of the diagram.
These classes separate out better in the asymmetry/Gini
plane where almost all of the class IV and V objects have
A < 0.2 and are cleanly separated from each other by the
G = 0.5 vertical dividing line. The class IIIa and IIIb
objects all have higher asymmetries as expected from
their disturbed morphologies and the IIIb objects have
higher Gini coefficients on average than the IIIa objects.
This result is consistent with the IIIb objects being more
compact advanced mergers than the IIIa objects.
The interaction classes do not separate out as well in
Gini-M20 space. The class IV and V objects are still di-
vided by their Gini coefficient and the class V objects
have smaller values of M20 (to the right of the diagram).
This places them in the early-type region of the diagram.
The class IIIa and IIIb objects are spread out over the
diagram. This result is not completely unexpected how-
ever and this plot looks remarkably similar to Figure 5 in
Lotz et al. (2008b) which shows a large spread in Gini-
M20 space for mergers at various stages from simulations.
Using each of above discussed classification methods,
we plot the fraction of galaxies in the 70µm selected sam-
ple that would be identified as mergers as a function of
LIR in Figure 15. Each of them shows an increase in
the fraction of mergers with LIR, though the Cassata
et al.(2010, in prep) classification shows the strongest
trend. Most of the methods show a decline for HyLIRGs,
likely due to the increasing fraction of QSOs in this bin.
The Bershady et al. (2000) selection (red line in the plot)
shows a high fraction of mergers at low LIR. Most of
these objects were classified visually as spirals. Figure 10
confirms the overlap between spirals/mergers and since
this selection is intended to identify late-type galaxies as
well as mergers, this is to be expected.
4. GALAXY COLOR
Optically selected galaxy samples have been observed
to lie in two distinct regions on the color-magnitude
plane, the “blue cloud” of star forming and typically
late type galaxies and the “red sequence” of quiescent
typically early type spheroids (e.g., Strateva et al. 2001;
Hogg et al. 2003; Blanton et al. 2003; Baldry et al. 2004).
This color bimodality has been observed and well-studied
over a large redshift range (e.g., Bell et al. 2004; Weiner
et al. 2005). Understanding the location of a galaxy on
the color-magnitude plane and how it got there is key
to understanding galaxy evolution and the formation of
ellipticals. Recently, sub-samples of objects (e.g., AGN)
have been found to preferentially inhabit the region be-
tween these two color peaks – the so-called “green val-
ley.” Much work has gone into determining whether these
objects represent a transition stage between blue cloud
galaxies and the red sequence. In this section, we look
at the location of our 70µm selected sample of objects in
color-magnitude space and correlate this with LIR and
morphology.
4.1. Color-Magnitude Diagrams
Since the U and V bands straddle the 4000 A˚ break, the
U−V rest frame color is particularly sensitive to the age
and metallicity of a galaxy’s stellar population. For this
reason, as well as for direct comparison with other studies
in the literature, we use these two bands when discussing
a galaxy’s optical color. The rest frame U − V color for
each of the 70µm sources in our sample out to z = 2
is plotted in Figures 16-17 as a function of stellar mass
and MK . The points are color coded by LIR and plotted
on top of contours representing the distribution of the
entire COSMOS optical sample (I < 25). The contour
levels represent the number of objects in U −V and MK
bins of 0.1. The levels are, from the inside out, 300, 200,
100, 70, 30, 20, 10, and 3 objects. The blue cloud and
red sequence are well defined at low redshifts (z < 1).
One thing that is immediately obvious is that the 70µm
sources are more luminous and more massive than typical
blue cloud galaxies. In fact, a trend can be seen where
sources with increasing LIR are also more luminous in
the optical and have higher stellar masses. While the
objects seem to span a wide range in color, from typical
blue cloud colors (U − V ∼ 0.5) to well into the red
sequence (U − V > 1.5), most objects lie in between
these two extremes in the green valley. The histogram
in Figure 18 shows the U − V distribution color coded
by LIR. Sources with LIR < 10
10 L are on average
bluer than more luminous sources, though ULIRGs and
HyLIRGs have a bluer tail than low luminosity sources.
HyLIRGs appear to be spread across all colors with no
obvious peak while sources with 1010 < LIR < 10
12 L
are slightly redder on average than ULIRGs.
4.2. Relation to Morphology
In order to investigate the relationship between U −V
color and morphology we compared the properties of our
70µm sources with our comparison sample (described in
§3.2) in three different redshift bins. To ensure that we
were comparing similar galaxies, we chose four slices in
MK (illustrated in Figures 19–20) and compared objects
within each slice. The results are shown in Figure 19
for the 0.4 < z < 0.6 redshift bin (< LIR >= 11.3),
Figure 20 for the 0.8 < z < 1.0 redshift bin (< LIR >=
11.8), and Figure 21 for the 1.0 < z < 2.0 redshift bin
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Figure 16. U − V color as a function of stellar mass for several redshift bins. The contours represent the distribution for the entire
optically selected sample (I < 25) and the dots represent the 70µm selected sample colored by luminosity. The contour levels represent
the number of objects in U − V and log(stellar mass) bins of 0.1. The levels are, from the inside out, 300, 200, 100, 70, 30, 20, 10, and 3
objects. Note that the red sequence is clear at low redshifts (z < 1) but is less well-defined at higher redshifts. The 70µm selected sources
are generally at the higher mass end of the diagram and have colors that span the full range from the blue cloud to the red sequence,
though they predominantly lie in between in the green valley.
(< LIR >= 12.4). The top row in each figure shows
the U −V distribution for the 70µm sources in each MK
slice color coded by morphology and the same is shown in
the bottom row for the comparison sample. The typical
color dichotomy can be seen in the comparison sample
in each of the low redshift (z < 1) bins with one peak in
the red and one peak in the blue. In general the galaxies
classified as spirals tend to be bluer and those classified
as ellipticals tend to be redder, as expected. The few
galaxy mergers in the comparison sample span a wide
range in color but tend to be bluer on average. This
color dichotomy is not seen in the 70µm sample. The
few ellipticals in this sample are not all red, but instead
span the full range in color as do the galaxy mergers.
There are not as many galaxies classified as ellipticals
in the 1 < z < 2 comparison sample, as expected, and
the few there are tend to have red colors. The spirals
in this bin span a wide range of in color, just like the
mergers. The 70µm sample at this redshift is composed
of mostly mergers that span a wide range in color. The
few ellipticals are much bluer than their optically selected
counterparts.
Histograms for several redshift bins (including sources
at all MK values) are shown in Figure 22, again color
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Figure 17. U−V color as a function of absolute K-band magnitude (MK) for several redshift bins. The contours represent the distribution
for the entire optically selected sample (I < 25) and the dots represent the 70µm selected sample colored by luminosity. The contour levels
represent the number of objects in U − V and MK bins of 0.1. The levels are, from the inside out, 300, 200, 100, 70, 30, 20, 10, and 3
objects. Note that the red sequence is clear at low redshifts (z < 1) but is less well-defined at higher redshifts. The 70µm selected sources
are generally at the higher mass end of the diagram and have colors that span the full range from the blue cloud to the red sequence,
though they predominantly lie in between in the green valley.
coded by morphology and with the U −V distribution of
the optical sample in the same redshift range normalized
and plotted as the dashed line. The same general results
are true at all redshifts. The 70µm selected galaxies do
not follow the same color dichotomy as optically selected
galaxies. Major mergers span a wide range in color but
generally peak in the green valley (U −V ∼ 1.1). Galax-
ies classified as unknown become significant at high red-
shift and they also span the entire color space. Galax-
ies where the QSO completely dominates (colored yellow
on the histograms) tend to be the bluest objects in our
sample and account for the very blue tail in ULIRGs and
HyLIRGs. We plot the U − V color as a function of red-
shift in Figure 23 for all galaxies color coded by their
morphology in the top panel and for all major merg-
ers color coded by interaction class in the bottom panel.
This figure clearly shows that spirals and ellipticals each
span the full range in color and do not separate in color
space by their morphology (< U − V >= 1.18 and 1.16,
respectively). The major mergers (colored dark green,
< U−V >= 1.0) have a sharper peak than the rest. The
QSOs in the sample clearly separate toward the bottom
high redshift portion of the plot (< U −V >= 0.05). On
average the galaxies appear to be bluer at high redshift
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Figure 18. Distribution of U −V color in several LIR bins coded
by color. Note that LIRGs and ULIRGs have a blue tail. This is
due to the very blue colors of the QSOs in those luminosity bins.
(z > 1) but the same trend is seen in the optically se-
lected sample as well (see Fig. 22), which is consistent
with observations of the evolution of colors with redshift
(e.g., Bell et al. 2004). When separated by interaction
class (bottom panel of Fig. 23), class V objects are on
average slightly redder (< U−V >= 1.05) than the class
III (< U − V >= 1.0) or class IV (< U − V >= 0.92)
objects.
It is also worth considering that many of the galaxies
classified as major mergers are pairs of galaxies, some of
which are blended in the optical catalogs. This means
that for some objects the colors represent a single galaxy
and for others the combination of both objects. To test
how much of an effect this has on our results we combined
the photometry and derived new colors for the separated
pairs and compared the resulting distribution to that ob-
tained for the individual objects. We find that the colors
for the individual objects does not differ greatly from the
combined color of the pair (∆(U − V ) < 0.1). This im-
plies that there are very few mixed mergers in our sample
(i.e., a merger between a spiral and an elliptical) and that
the gas-rich nature of the progenitor galaxies is necessary
for the increased infrared luminosity.
5. DISCUSSION
5.1. Comparison with Local (U)LIRGs
Early results of morphological studies of infrared galax-
ies in the local universe from the BGS (Sanders et al.
1988a; Sanders & Mirabel 1996; Ishida 2004) found that
the merger fraction increases systematically with LIR,
from ∼ 10% for objects with 1010.5 < LIR < 1011 L
to 100% for ULIRGs. We also see a systematic trend
of an increased fraction of mergers in our higher red-
shift sample of COSMOS 70µm selected sources, though
the magnitude of this trend is not as high. Studies of
local ULIRGs in particular agree that galaxy mergers
are ubiquitous (Sanders et al. 1988a; Kim 1995; Murphy
et al. 1996; Veilleux et al. 2002) and all but 1 of the 118
ULIRGs in the IRAS 1 Jy ULIRG sample show clear evi-
dence of merging (Veilleux et al. 2002). For our sample of
305 70µm selected ULIRGs, 41% are major mergers. An-
other 18% are classified as unknown and are also possibly
major mergers as indicated by the automated techniques
discussed in §3.5. Even if these objects are included,
a maximum of 59% of these high redshift ULIRGs are
mergers. This fraction actually drops for the most ex-
treme luminosities as only 32% of HyLIRGs are mergers
(as illustrated in Fig. 4), though this is most likely due
to the increase of QSOs (23%).
LIRGs in the local universe show a wide range of mor-
phologies. Ishida (2004) found that for a complete sam-
ple of 56 BGS LIRGs, all objects with LIR > 10
11.5 L
showed merger signatures while lower luminosity LIRGs
were a mix of mergers (74%) and single isolated disk
galaxies (26%). This result generally agrees with that
of Wang et al. (2006) who studied a sample of 159 lo-
cal (z < 0.1) LIRGs identified by cross referencing IRAS
detected sources with the SDSS and found that 48% of
their sample were clearly interacting and merging sys-
tems with another 6% possibly merging. Their sample
is dominated by low luminosity LIRGs and the fraction
of mergers goes up to ∼ 90% above LIR = 4 × 1011 L.
For our high redshift LIRGs we see a similar difference
between low and high luminosity objects where 20% of
objects with 1011.0 < LIR < 10
11.5 L are mergers while
∼ 40% of objects with 1011.5 < LIR < 1012.0 L are.
This is accompanied by a similar drop in the fraction of
spirals and minor mergers. At the low luminosity end
(1010 < LIR < 10
11 L), ∼ 6% of objects are major
mergers, similar to objects locally (Sanders & Mirabel
1996). However, it should be noted that it is very dif-
ficult to disentangle trends with LIR from trends with
redshift. The low luminosity objects in the sample are
all at z < 0.3 so it is perhaps not surprising that the
fraction of mergers agrees with that locally.
If we consider the objects in a single redshift bin (to
minimize the effects of redshift evolution) we find that for
the 184 objects in the 0.8 < z < 1.0 bin (see Fig. 7 for
the luminosity distribution) the fraction of major merg-
ers rises from 47% for 1011.5 < LIR < 10
12.0 L to 52%
for 1012.0 < LIR < 10
12.5 L. These merger fractions
are more reliable than the fractions for the entire sam-
ple since there are very few “unknowns” in this redshift
bin. The fraction of minor mergers remains roughly con-
stant. There are only 7 galaxies with LIR > 10
12.5 L
and all but one (∼ 85%) of these are major mergers.
The lower redshift bin (0.4 < z < 0.6) probes objects
at 1010.5 < LIR < 10
12.0 L (though very few at the
highest luminosities) and shows a rise in major mergers
from 9% to 19% to 24% for 1010.5 < LIR < 10
11.0 L,
1011.0 < LIR < 10
11.5 L, and 1011.5 < LIR < 1012.0 L,
respectively. At 1.2 < z < 1.4 major mergers make up
∼ 60% of ULIRGs.
A comparison of our results to the theoretical predic-
tions of Hopkins et al. (2010) show general agreement.
They find that at all redshifts, the high-luminosity pop-
ulation of galaxies becomes increasingly dominated by
mergers but that the transition luminosity between nor-
mal galaxies and mergers changes between z ∼ 0 and
z ∼ 2 from ∼ 1012 L to ∼ 1013 L. While our data at
z ∼ 2 are sparse and the morphology is difficult to de-
termine in our images at these high redshifts, our results
at z ∼ 1 would be consistent with such an evolution.
Further work with detailed morphologies covering wider
range of luminosities at each redshift is needed to pin
down if such an evolution is truly present.
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Figure 19. Top: Color magnitude diagram for the 0.4 < z < 0.6 redshift bin (as in Fig. 17) with the 70µm selected sources color coded by
their visual morphological classification. The shaded regions highlight the four MK slices presented in the bottom panel. Bottom: U − V
histogram for the 70µm sample (top panel) and a comparison sample of ∼ 200 randomly chosen optically selected galaxies, 50 in each MK
slice (bottom panel), in the 0.4 < z < 0.6 redshift bin in four different MK slices color coded by morphology.
Studies in the local universe also find a trend in merger
phase with LIR (and nuclear separation). Veilleux et al.
(2002) found that 56% of ULIRGs in the 1-Jy sample are
late stage mergers with a single disturbed nucleus (class
IV and V) while 39% had two nuclei but with tidal tails,
indicating they were past first passage (class III). They
found none at the earliest stages of merging (classes I
and II). Pairs and double nuclei amongst local ULIRGs
have a mean projected nuclear separation of 2 − 3 kpc
though they generally range from < 0.3 to 10 kpc with a
tail out to 20−40 kpc (Sanders & Mirabel 1996; Murphy
et al. 1996; Veilleux et al. 2002). Ishida (2004) found that
LIRGs span a wide range in nuclear separations from 5
to 50 kpc with the mean separation increasing while LIR
decreases. The results presented in Table 3 indicates
that a large fraction of COSMOS ULIRGs are also late
stage mergers (classes IIIb, IV, and V) but a significant
fraction (∼ 40%) are pairs at separations of > 10 kpc
(i.e., class IIIa).
Numerical simulations of equal mass mergers (Mihos
& Hernquist 1996) show that there are two episodes of
star formation activity tied to the phase of interaction
that can lead to an elevation in infrared luminosity. The
relative strengths of the two bursts depend on several
factors including the orbital geometry of the encounter
and the morphological structure of the progenitor galax-
ies. In models that include a disk, bulge, and halo, the
peak of star formation activity occurs in the late stages
of a galaxy merger just before and after final coalescence
(nuclei at this stage would be within a few kpc of each
other), ∼ 109 yr after the first encounter. This is quali-
tatively consistent with the (U)LIRGs observed in inter-
action classes IV and V in our sample as well as most
of the local ULIRGs. A peak in star formation activity
also occurs shortly after the first close encounter and is
actually larger in models involving a disk and halo only.
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Figure 20. Top: Color magnitude diagram for the 0.8 < z < 1.0 redshift bin (as in Fig. 17) with the 70µm selected sources color coded by
their visual morphological classification. The shaded regions highlight the four MK slices presented in the bottom panel. Bottom: U − V
histogram for the 70µm sample (top panel) and a comparison sample of ∼ 200 randomly chosen optically selected galaxies, 50 in each MK
slice (bottom panel), in the 0.8 < z < 1.0 redshift bin in four different MK slices color coded by morphology.
At this stage, ∼ 1−2×108 yr after the first passage, the
two galaxies can actually be separated by tens of kpc. It
is possible that the majority of (U)LIRGs in our sample,
those with separations greater than a few kpc, are at this
stage of the merger with this burst of star formation en-
hancing the infrared luminosity. This could also apply
to the minority of local ULIRGs (and most LIRGs) with
large separations (as suggested by Veilleux et al.). How-
ever, the difference in the fraction of early stage mergers
between low and high redshift still remains unexplained.
One possibility is that the higher gas content of high red-
shift gas-rich spirals enables the first peak in star forma-
tion activity to trigger the ULIRG stage whereas locally
it tends to happen during the second peak (with the first
peak triggering the LIRG stage). The drop in the frac-
tion of class IIIa mergers and the increase in the fraction
of late stage (class IIIb, IV, and V) mergers for HyLIRGs
could be an indication that these extreme luminosities
are only reached at final coalescence.
It is also possible that multiple mergers can play a role
in triggering ULIRG activity. Approximately 6% of the
ULIRGs and 3% of the LIRGs in our sample appear to
be part of a small group. It is possible that previous
interactions with other group members, or past mergers,
could have lead to an increase in infrared activity. Ishida
(2004) finds some evidence for minor mergers for low
luminosity LIRGs and our findings indicate that 16% of
objects with 1011.0 < LIR < 10
11.5 L are minor mergers.
There is a significantly higher fraction of LIRGs that
are minor mergers (24%) compared to optically selected
galaxies in our comparison sample (13%) in the 0.4 <
z < 0.6 redshift bin, suggesting that minor mergers could
have a real effect at these luminosities. Finally it is worth
noting that the numerical simulations mentioned here
do not take into account the role of AGN activity in
contributing to the total infrared luminosity. We know
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Figure 21. Top: Color magnitude diagram for the 1.0 < z < 2.0 redshift bin (as in Fig. 17) with the 70µm selected sources color coded by
their visual morphological classification. The shaded regions highlight the four MK slices presented in the bottom panel. Bottom: U − V
histogram for the 70µm sample (top panel) and a comparison sample of ∼ 200 randomly chosen optically selected galaxies, 50 in each MK
slice (bottom panel), in the 1.0 < z < 2.0 redshift bin in four different MK slices color coded by morphology.
that the fraction of objects hosting an AGN increases
very strongly with LIR, both locally and at high redshift
(e.g., Veilleux et al. 1995 and Paper I). The role of AGN
in the sample will be discussed in more detail in §5.3.
5.2. Previous High Redshift Studies
Our results show that LIRGs at intermediate redshifts
(0.2 < z < 1.2) are 20% major mergers at LIR <
1011.5 L and 40% major mergers at LIR > 1011.5 L.
Minor mergers also play a role (20%). This result is fairly
consistent with previous LIRG studies at these redshifts.
These studies have found a range in merger fractions
from ∼ 50% (Zheng et al. 2004; Melbourne et al. 2005 (at
the low-z end); Shi et al. 2006, 2009) to fairly low frac-
tions (37%: Flores et al. 1999; 28%: Bell et al. 2005; 30%:
Melbourne et al. 2005 (at the high-z end); 26%: Bridge
et al. 2007; 30%: Melbourne et al. 2008; 15%: Lotz et al.
2008a). There are several possible explanations for the
seemingly discrepant results among these studies. The
first is that while they all focus on LIRGs, some actually
probe slightly different LIR ranges. For example, Bell
et al. (2005) looks at all galaxies with LIR > 6× 1010 L
and finds 28% are mergers, however, they also find that
this fraction increases as a function of LIR though the
numbers are not given. Bridge et al. (2007) also obtain a
merger fraction, selected morphologically, using a wider
range of infrared luminosities (lower limit of their sample
is 5 × 1010 L). They also find 25% of their objects are
in pairs, though the overlap with the morphologically se-
lected mergers is unclear, so the actual fraction of merg-
ers in the sample may be higher than 26%. The range of
luminosities probed by these studies is likely exacerbated
by the selection at 24µm. As discussed in Paper I, 24µm
selection introduces a larger error to the estimate of LIR
than the 70µm selection used here. Many of these stud-
ies use small samples of a few tens of galaxies (with the
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Figure 22. Rest frame U − V histogram for all 70µm sources in the seven different redshift bins color coded by morphology. The U − V
distribution for the entire optically selected sample over the same redshift and mass range is shown as the dashed line. The median LIR is
given for reference.
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Figure 23. Rest frame U−V colors as a function of redshift color
coded by morphology (top) and by interaction class for all major
mergers (bottom). Note that the QSOs make up the blue tail of
the distribution and that the spirals and ellipticals both span the
entire range of colors. The major mergers are mostly in the green
valley.
exception of Melbourne et al. 2005, Bridge et al. 2007,
and Shi et al. 2009) so small number statistics may also
play a role. The result of Lotz et al. (2008a) stands out as
the lowest merger fraction (∼ 15%) among (U)LIRGs in
the literature. They use the Gini/M20 criteria described
in §3.5 to identify potential mergers. As discussed in
Lotz et al. (2008b), this technique only selects galaxies
at particular times during the merger process (i.e., at
first passage and at final coalescence) so, in our opinion,
it cannot be used to obtain a complete census of galaxy
mergers at all stages.
The fraction of identifiable major mergers among our
high-redshift ULIRGs (z ∼ 1− 2) is 30–40%. Other high
redshift ULIRG studies find similar results (e.g., Dasyra
et al. 2008). In a survey of 31 dust obscured galaxies
(DOGs, Dey et al. 2008) from the Boo¨tes Field, Buss-
mann et al. (2009) find that they are more relaxed than
local ULIRGs and are possibly at a post-merger stage.
They also find that many of the objects in their sample
have power-law SEDs, consistent with the presence of
an AGN. Melbourne et al. (2009) obtained Keck adap-
tive optics imaging of 15 DOGs and found that only two
show evidence for possible mergers.
In Paper I we determined which of our 70µm selected
Figure 24. Same as Fig. 4 except divided into two sub-samples:
sources that are detected as possible AGN using one of five differ-
ent selection methods and those that are not (see text for details).
The plot shows the fraction of sources with (filled circle) or without
(open circles) any of these AGN signatures that are morphologi-
cally classified as spirals (blue solid line) or major mergers (black
solid line), as well as the cumulative fraction of sources that are
either a major merger or unknown/irregular (dashed line) or ei-
ther a major merger, unknown/irregular, or a QSO (dotted line).
None of the sources without an AGN signature fall into the QSO
classification. The sources classified as ellipticals and minor merg-
ers are not shown and make up the remaining fraction of sources
(hence the fractions in a given luminosity bin do not sum up to
100%). A strong trend with LIR can be seen for both sub-samples,
in particular, the fraction of spirals decreases and the fraction of
major mergers increases for both. For ULIRGs, it appears that a
higher fraction of the objects without a signature of an AGN are
major mergers, however, a larger fraction of AGN are classified as
unknown and as QSOs. All of the HyLIRGs in the sample have
AGN signatures and 20% of them are QSOs.
sources had AGN signatures using several different meth-
ods (X-ray detection, IRAC color selection, power-law
SED shape, high infrared to optical ratios, and radio ex-
cess). In the next section we discuss the morphological
properties of our sample in the context of the presence
of an AGN.
5.3. Merger Fraction Among AGN
Figure 24 shows the fraction of galaxies in the 70µm
sample that are spirals (blue) and major mergers (black)
split by whether (filled circles) or not (open circles) they
exhibit AGN signatures using any one of the five selection
methods described in Paper I. Also shown is the cumu-
lative contribution from galaxies classified as unknown
or QSOs. Both sub-samples show a strong trend of an
increase in the fraction of major mergers and decrease in
the fraction of spirals with LIR. In fact, ULIRGs without
an AGN signature have a higher fraction of major merg-
ers (up to ∼ 75%) than those with an AGN (∼ 40%).
However, the sources with an AGN have a much larger
fraction of galaxies classified as unknown (20−30% versus
5%) and also have a significant fraction that are QSOs
(> 5% of ULIRGs and 23% of HyLIRGs). Since all of
the HyLIRGs in our sample show AGN signatures it is
possible that the presence of an AGN (and in many cases
a QSO) is required for a galaxy to reach these extreme
IR luminosities.
5.4. The Green Valley
70µm Sources: Morphology 23
Our results presented in §4 have shown that our sam-
ple of 70µm sources peaks strongly in the green valley, in
between the blue cloud of star forming galaxies and the
quiescent red sequence. However, there are several pos-
sible interpretations for the cause of the reddened galaxy
colors in the green valley. The first is that the truncation
of star formation in these galaxies indicates that they
are truly transition objects between strongly star form-
ing blue cloud galaxies and “red and dead” red sequence
galaxies. In such a scenario it is also possible that the
color can vary over the galaxy (e.g., red cores surrounded
by blue outer regions). Our colors represent a combined
color for the entire galaxy and the reduced resolution at
high redshift makes looking at the spatial color variations
difficult. However, local samples of galaxies in the green
valley should provide an excellent way to probe this ques-
tion. Studies of local (U)LIRGs have found that they are
as blue as the general blue cloud populations (with a few
exceptions) when looking at a galaxy’s total integrated
light, but that there are dramatic color gradients within
the galaxy (Chen et al. 2010; Larson et al.in prepara-
tion).
Dust extinction can also have a large effect on the
galaxy colors and most of the galaxies in the green val-
ley may simply be highly reddened star forming galaxies.
Indeed, Salim et al. (2009) found that when correcting
for dust extinction among a sample of infrared galaxies
(108 < LIR < 10
12 L) from the Far-Infrared Deep Ex-
tragalactic Legacy Survey (FIDEL) that most were ac-
tually star forming blue cloud galaxies. However, some
were intrinsically red even after the dust correction. Sim-
ilarly, Kaviraj (2009) found that almost all of the objects
in a sample of 561 low redshift (z < 0.2) LIRGs were in
the blue cloud but that those with AGN were on average
redder while they were not any dustier than those with-
out AGN. These studies show that dust extinction plays
a role but cannot be the only factor.
To explore the role of dust extinction, we plot the posi-
tion of the 70µm sources on a color-color diagram (U−V
vs V − J) in Figure 25. Star forming galaxies on this
diagram follow a diagonal sequence where objects with
increasing V −J are redder due to dust (e.g. Wuyts et al.
2007, 2009; Williams et al. 2009). Quiescent galaxies lie
in a clump above this sequence with red U − V colors
but bluer V − J colors. The contours in Figure 25 il-
lustrate the colors of the optically selected population in
each of the four redshift bins. While the star forming se-
quence can be easily seen in each redshift bin, the quies-
cent clump can only be clearly seen in the 0.5 < z < 1.0
bin. Many of the 70µm sources, color coded by their
LIR, appear to follow the star forming sequence, indicat-
ing that they are indeed reddened by dust and dustier
than most of the normal blue cloud galaxies. The pres-
ence of so many galaxy mergers with apparently more
dust than the blue cloud (where the progenitor galaxies
presumably resided) suggest that the merger itself may
be responsible for kicking up the dust responsible for
the redder colors. While very few of the 70µm sources
lie in the quiescent area of the diagram (a few can be
seen in the 0.5 < z < 1.0 redshift bin), there is a lot of
scatter that increases with LIR (and redshift). At high
redshift, there are many extremely blue sources – almost
all of these are AGN. The increased scatter toward red-
der U−V colors above the star forming sequence may be
Figure 25. Color-color diagram (U − V versus V − J) illustrat-
ing the position of the 70µm selected sources relative to the opti-
cally selected population in four different redshift bins. The 70µm
sources are color coded by their LIR and the optically selected
galaxies are represented by contours. The contour levels represent
the number of objects in U −V and V −J bins of 0.1 with levels of
10, 20, 35, 50, 100, 200, 300, and 400 objects. Many of the 70µm
sources follow the star forming sequence with scatter increasing
with LIR (and redshfit).
an indication that these sources are transitioning toward
the red sequence. Further work is needed to estimate the
dust corrected star formation rates of these galaxies to
determine the cause of the increased scatter.
Most studies of galaxies in the green valley have fo-
cused on AGN host galaxies because many have been
found to reside there (e.g., Sa´nchez et al. 2004; Schaw-
inski et al. 2007; Salim et al. 2007; Nandra et al. 2007;
Westoby et al. 2007; Georgakakis et al. 2008; Silverman
et al. 2008, 2009; Hickox et al. 2009; Schawinski et al.
2009; Smolcic 2009). This result is often cited as evi-
dence for AGN feedback as a mechanism for truncating
star formation. Indeed, Westoby et al. (2007) find that
Type II AGN identified spectroscopically in the SDSS
reside predominantly in the red sequence with a tail that
stretches through the green valley to the edge of the blue
cloud while AGN/star forming composite galaxies peak
on the blue edge of the red sequence with a significant
number extending into the green valley indicating that
composite galaxies represent a transition stage between
the blue cloud and the red sequence. Likewise, Smol-
cic (2009) finds evidence for a transition class of objects
among high excitation radio AGN.
In Figure 26 we once again plot the U − V colors as
a function of redshift, but this time only for the various
AGN in our sample of 70µm sources color coded by their
selection techniques (see Paper I for a complete descrip-
tion of the selection). The AGN appear to peak even
more strongly in the green valley than the galaxies with-
out AGN signatures in the sample do. The radio excess
AGN (green) and the obscured AGN candidates (cyan,
F(24µm)/F(R) > 103) are redder than the rest of the
AGN sample, consistent with them being red sequence
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Figure 26. Same as Fig. 23 but only for the 355 AGN identified
in the sample coded by their selection technique. The radio excess
AGN and the obscured AGN candidates are on average redder
than the rest of the AGN in the sample. This is consistent with
these objects being red-sequence radio AGN and and highly dust
obscured, respectively.
radio AGN and highly dust obscured, respectively. There
is no evidence to suggest that the rest of the AGN in our
sample are dustier than those without AGN signatures
and indeed, the typical E(B − V ) for both sub-samples
are practically identical (∼ 0.3).
We further explore the evolution of these objects by
plotting their U − V color as a function of the morpho-
logical concentration parameter (Fig. 27). We find that
there is a slight trend for more highly concentrated galax-
ies to be redder in color as expected for galaxies that are
on the way to becoming red elliptical galaxies. This sug-
gests the possibility that the galaxies classified as ellip-
ticals in our sample are actually merger remnants with
either some remaining star formation activity or an AGN
providing the energy for the observed infrared emission.
The bottom panel shows the AGN in the sample with
the same color codes as Figure 26. The trend of redder
colors with more concentrated objects appears strongest
for the power law selected AGN and the X-ray detected
AGN have the highest concentrations on average.
5.5. Elliptical Galaxy Formation
Several studies have found that the stellar mass in the
red sequence has doubled since z ∼ 1 (Bell et al. 2004;
Faber et al. 2007) and this growth of the red sequence
has become a subject of much research and debate. It
has become clear that passive evolution of disk galaxies
is not likely to be the explanation since most galaxies
on the red sequence have spheroidal morphologies (Il-
bert et al. 2010). Major mergers have been shown to
be capable of producing spheroidals (Toomre & Toomre
1972; Barnes & Hernquist 1992) but the question remains
whether or not there are enough mergers to form the
red sequence. It has been suggested however, that while
gas-rich mergers may account for the formation of the
red sequence at the low mass end there are not enough
high luminosity gas-rich systems to form the present day
high mass (& L?, not including the largest cD ellipticals
which likely gain mass through the accretion of many
smaller objects over time) end of the red sequence (e.g.,
Bell et al. 2004; Weiner et al. 2005; Willmer et al. 2006;
Figure 27. Rest frame U − V colors as a function of the concen-
tration morphological parameter for all 1503 70µm selected sources
color coded by morphology (top) and for all 355 AGN in the sample
color coded by their selection method (bottom). Note that there is
a slight trend for more concentrated galaxies to be redder in color.
Faber et al. 2007). In this case, it becomes necessary to
invoke a contribution from gas-poor mergers (so-called
“dry mergers”) to explain the formation of the red se-
quence (e.g., van Dokkum et al. 2001; Bell et al. 2006).
Gas-rich mergers that are massive enough to produce
high mass ellipticals should be bright in the infrared and
therefore should be detected by infrared surveys. Our
large sample of 70µm sources allows us to uniquely ex-
plore the question of whether there are enough gas-rich
mergers taking place to form the observed red sequence.
Let us consider if it is possible that gas-rich mergers
could have formed the red-sequence galaxies observed
in a single redshift and MK bin. For example, in the
0.8 < z < 1.0 bin, and the interval −23.5 < MK <
−23.0, there are ∼ 780 red sequence galaxies. In the
same redshift and MK bins we observe ∼ 50 (U)LIRGs
with LIR > 10
11.5 L. The timescale on which a single
major merger with a typical nuclear separation of 7 kpc
would be observed with LIR > 10
11.5 L is ∼ 1.4 × 108
years given that ∆V ∼ 100 km s−1 between the two nu-
clei (typical velocity observed between close galaxy pairs
in our sample) and assuming it takes the same amount
of time for the source to reach its peak luminosity and
then fade to below LIR = 10
11.5 L. In order to have
formed all 780 ellipticals currently observed, it would
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have taken 780/50× (1.4×108) yr ∼ 2.2×109 yr. This is
certainly plausible if all of the ellipticals observed in this
bin formed between z ∼ 1.5 and 1. This assumes that
the number of (U)LIRGs is constant over this redshift
interval. If one takes into account the evolution of the
(U)LIRG luminosity function (∼ (1 + z)3−5, e.g., Kim &
Sanders 1998; Le Floc’h et al. 2005; Caputi et al. 2007;
Magnelli et al. 2009) the timescale to have formed the
observed massive ellipticals would be even shorter. This
simple argument implies that enough gas-rich mergers
take place to form the observed red sequence at stellar
masses < 1012M, consistent with what one would ex-
pected based on Kormendy et al. (2009) and van der Wel
et al. (2009).
Ilbert et al. (2010) have found that the high mass end
of the red sequence is already in place by z ∼ 1 and that
a transition between the dominance of star forming and
quiescent galaxies takes place around this redshift. If dry
mergers were responsible for the formation of the high
mass end of the red sequence then we would expect there
to be significant evolution in the high mass end between
z = 1 to the present day, which we do not see. The
observed luminosity function for infrared galaxies implies
that (U)LIRGs are much more common at high redshifts
and with LIRGs dominating beyond z = 0.7 (Le Floc’h
et al. 2005) and ULIRGs by z ∼ 2 (Caputi et al. 2007;
Magnelli et al. 2009). At these redshifts there are enough
gas-rich mergers taking place to form the red sequence
at the peak of massive elliptical galaxy formation.
6. SUMMARY
We have presented visual morphological classifications
for each object in our complete sample of 1503 70µm se-
lected sources in the COSMOS field and have compared
them to 1) comparison galaxies selected in the optical,
2) automated classification techniques, and 3) morpholo-
gies of (U)LIRGs in the local universe. We have also pre-
sented the color distribution for the sample. From the
analysis of these properties, the following conclusions can
be drawn:
1. The sample of 70µm sources span the redshift
range 0.01 < z < 3.5 with a median redshift of 0.5
and an infrared luminosity range of 108 < LIR <
1014 L with a median luminosity of 1011.4 L.
These sources are all massive, spanning a stellar
mass range of ∼ 1010−1012 M and luminous with
−25 < MK < −20 .
2. The fraction of major mergers increases system-
atically with increasing LIR while the fraction of
spirals shows a systematic decline with increasing
LIR. At the highest luminosities (> 10
12 L, where
the majority of sources are at z > 1), sources still
identifiable as major mergers represent ∼ 50% of
the sample and spirals comprise < 10%. Addition-
ally, a high fraction of sources at these high lu-
minosities and redshifts are classified as unknown
(∼ 20%) or QSOs (∼ 20%) and could possibly
be mergers as well. Minor mergers represent a
significant fraction of sources at low luminosity
(LIR < 10
11.5 L). Sources identified as AGN con-
stitute a large fraction (> 70%) of sources at high
luminosity (LIR > 10
12 L).
3. A comparison of our visual classification to sev-
eral automated classification techniques commonly
used in the literature (e.g., concentration, asymme-
try, clumpiness, Gini, and M20) shows that while
there is some broad agreement between visual and
automated morphological classes there is still sub-
stantial overlap between adjacent classifications. In
particular, none of the automated techniques is sen-
sitive to major mergers at all phases, and there-
fore any selection using these automated methods
will be incomplete. Visual classification, while time
consuming, is still the most robust method for iden-
tifying merger signatures.
4. The U − V colors of the 70µm sources peaks in
the “green valley” (< U − V >= 1.1), but with
a broad spread of colors extending into the “blue
cloud” (< U − V >∼ 0.7) and “red sequence” (<
U−V >∼ 1.5). We find that the galaxies classified
as major mergers and the sub-sample classified as
AGN peak more strongly in the green valley than
the rest of the morphological classes.
5. We have shown that given the relatively short
timescale (. 2 × 108 yr) of the (U)LIRG phase of
a major merger, the number of observed gas-rich
major mergers is sufficient to account for the for-
mation of the red-sequence (< 1012M) without
the need to invoke dry mergers. This argument
becomes even more plausible once the evolution in
the number density of (U)LIRGs over the redshift
range z = 1 − 3 is taken into account, which has
been shown to evolve quite strongly for these lumi-
nous sources.
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Table 1
Morphological catalog of COSMOS 70µm Sources
ID Name LIR
a Redshift Flagb Morphologicalc Nucleard Masse Massf MK
g U − V h Ci Aj Clumpiness Gini M20 Autok
Class Separation Ratio color
1017 COSMOS J100046.07+013439.89 11.16± 0.25 0.518 I MIIIa 15.4 1.9 10.72 -22.13 1.16 2.57 0.26 -0.03 0.43 -1.60 3
1077 COSMOS J100034.22+013543.18 10.87± 0.22 0.23 P S, m · · · · · · 10.74 -21.98 0.68 2.79 0.11 -0.07 0.49 -1.90 2
1081 COSMOS J100133.37+013547.59 10.44± 0.22 0.23 P MIIIa, G 6.4 5.5 10.07 -20.32 0.41 3.41 0.11 -0.05 0.50 -1.81 2
1082 COSMOS J100041.55+013552.68 11.26± 0.23 0.37 P MIVb · · · · · · 11.03 -22.81 0.68 3.55 0.22 -0.08 0.55 -1.94 3
1083 COSMOS J100241.78+013550.07 12.62± 0.32 1.20 P U · · · · · · 10.55 -22.17 0.99 2.70 0.33 0.37 0.38 -1.58 3
Note. — Table 1 is published in its entirety in the online edition of the article. A portion is shown here for guidance regarding its form
and content.
a log(LIR/L): total infrared luminosity derived from SED template fitting described in Paper I
b Redshift Flag — D: DEIMOS spectroscopy on Keck II, Z: zCOSMOS spectroscopy from VLT/VIMOS, I: IMACS spectroscopy from Mag-
ellan, S: SDSS spectroscopy, 2dF: 2dFGRS spectroscopy, F: FORS1 spectroscopy, M: Hectospec spectroscopy from MMT, P: Photometric
redshift from Ilbert et al. (2009) or Salvato et al. (2009)
c Morphological classification and interaction class — S: spiral, E: elliptical, Q: QSO, m: minor merger, M: Major merger, U: unknown,
G: group, I–V: interaction classes. See text for details
d Nuclear separation between galaxy pairs and double nuclei in kpc.
e Ratio of the galaxy stellar masses for galaxy pairs with resolved optical photometry.
f log(stellar mass/M) determined from the photometry. For galaxy pairs that are resolved in the optical photometry catalog, this mass
refers to the optical counterpart whose coordinates are given. For those that are not resolved, the mass is the combined mass of the system.
The combined mass for the resolved pairs can be obtained using the mass ratio given.
g Rest frame absolute K-band magnitude
h Rest-frame U − V color
i Concentration parameter
j Rotational asymmetry parameter
k Automated classification from Cassata et al.(2010) — 1: early type, 2: late type, 3: irregular
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Table 2
Percentage of COSMOS 70µm Sources in Each Morphological Class
log(LIR/L)a Totalb med(z)c Spiralsd E/S0d Minor Mergers Major Mergerse QSOsf Unknowng
< 10.0 60 0.09 70±11 13±5 10±4 5±3 0 2±2
10.0− 10.5 140 0.17 66±7 11±3 18 ±4 4±2 0 0.7±0.7
10.5− 11.0 281 0.27 70±5 8±2 13±2 8±2 0 0.4±0.4
11.0− 11.5 376 0.47 53±4 6±1 20±2 20±2 0 0.5±0.4
11.5− 12.0 310 0.77 31±3 5±1 20±3 41±4 0.3±0.3 3±1
12.0− 12.5 219 1.05 14±3 11±2 18±3 42±4 0.5±0.5 15±3
12.5− 13.0 86 1.48 7±3 9±3 12±4 40±7 6±3 27±6
> 13 31 2.00 3±3 16±7 7±5 32±10 23±9 19±8
All LIR 1503 0.50 44±2 8±1 17±1 24±1 1±0.2 5±0.6
a The total infrared luminosity for each galaxy in the sample was derived from SED template fitting as described in Paper I
b Total number of galaxies in each luminosity bin
c Median redshift for each luminosity bin
d Percentage of spiral and elliptical/S0 galaxies
e Major mergers from 4 interaction classes (II–V) as defined in Veilleux et al. (2002). Class I objects are left out of this category since they can be
placed into one of the other categories first (i.e., into the spiral or elliptical class).
f Percentage of sources with a central point source that overwhelms the light of the host galaxy
g Percentage of galaxies that are too faint, small, or irregular to classify
Table 3
Percentage of COSMOS 70µm Sources in Each Major Merger Interaction Class
log(LIR/L)a Totalb IIc IIIad IIIbd IVae IVbe Vf < NS >g
< 10.0 3 0± 0 67±47 0 0 33±33 6.7
10.0− 10.5 6 17±17 0 24±24 17±17 33±24 0 8.4
10.5− 11.0 22 27±11 5±5 9±6 14±8 36±13 9±6 9.3
11.0− 11.5 75 12±4 23±5 19±5 16±5 19±5 12±4 13.9
11.5− 12.0 126 6±2 16±5 23±4 18±4 11±3 11±3 11.5
12.0− 12.5 91 3±2 18±4 27±5 24±5 16±4 12±4 9.3
12.5− 13.0 34 0 19±7 24±8 32±10 6± 4 21±8 8.8
> 13 10 0 20±14 50±22 20±14 10±10 0 9.0
All LIR 367 7±1 22±2 24±3 20±2 15±2 12±2 10.0
a The total infrared luminosity for each galaxy in the sample was derived from SED template fitting as described in Paper I
b Total number of major mergers in each luminosity bin
c Percentage of major mergers in interaction class II: first contact
d Percentage of major mergers in interaction class III: pre-merger
e Percentage of major mergers in interaction class IV: merger
f Percentage of major mergers in interaction class V: old merger; See text for a complete description of each interaction class.
g Mean nuclear separation in kpc between galaxy pairs and double nuclei (i.e., objects in classes II, IIIa, and IIIb).
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Table 4
Percentage of COSMOS 70µm Sources in Each Class as a Function of Redshift and Luminosity
Redshift Na 9.0− 10.0b 10.0− 10.5 10.5− 11.0 11.0− 11.5 11.5− 12.0 12.0− 12.5 12.5− 13.0 > 13
Major Mergers
0.0− 0.5 751 5 4 8 15 23 50 · · · · · ·
0.5− 1.0 477 · · · · · · 0 26 43 47 88 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 53 39 38 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 34 31 33
2.0− 3.0 29 · · · · · · · · · · · · · · · 25 30 27
Minor Mergers
0.0− 0.5 751 9 18 13 17 17 50 · · · · · ·
0.5− 1.0 477 · · · · · · 0 24 21 18 0 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 23 21 26 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 7 0 7
2.0− 3.0 29 · · · · · · · · · · · · · · · 0 0 7
Spirals
0.0− 0.5 751 70 66 70 60 58 0 · · · · · ·
0.5− 1.0 477 · · · · · · 100 44 29 24 0 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 2 8 10 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 3 3 7
2.0− 3.0 29 · · · · · · · · · · · · · · · 0 10 0
Ellipticals
0.0− 0.5 751 14 11 8 7 2 0 · · · · · ·
0.5− 1.0 477 · · · · · · 0 4 6 11 12 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 7 12 5 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 14 14 20
2.0− 3.0 29 · · · · · · · · · · · · · · · 0 10 13
QSOs
0.0− 0.5 751 0 0 0 0 0 0 · · · · · ·
0.5− 1.0 477 · · · · · · 0 0 0 0 0 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 0 1 10 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 0 3 20
2.0− 3.0 29 · · · · · · · · · · · · · · · 0 0 27
Unknown
0.0− 0.5 751 2 1 0 0 0 0 · · · · · ·
0.5− 1.0 477 · · · · · · 0 1 1 0 0 · · ·
1.0− 1.5 172 · · · · · · · · · · · · 14 19 10 · · ·
1.5− 2.0 73 · · · · · · · · · · · · · · · 41 48 13
2.0− 3.0 29 · · · · · · · · · · · · · · · 75 50 27
a The total number of sources in each redshift bin
b Total infrared luminosity (log(LIR/L)) bins
Table 5
Comparison Between 70 µm Sources and Optically Selected Comparison Sample
Morphological 0.4 < z < 0.6 0.8 < z < 1.0 1.0 < z < 2.0 2.0 < z < 3.0
Classification 70 µm Optical 70 µm Optical 70 µm Optical 70 µm Optical
Spirals 134 (58) 96 (44) 49 (26) 83 (38) 15 (6) 47 (21) 1 (3) 23 (10)
Ellipticals 15 (6) 37 (17) 10 (5) 52 (24) 27 (11) 6 (3) 3 (10) 3 (1)
QSOs 0 4 (1.8) 0 0 9 (4) 0 4 (14) 0
Unknown 0 4 (1.8) 2 (1) 15 (6.9) 55 (22) 100 (46) 12 (41) 131 (59)
Minor Merger 62 (27) 29 (13) 38 (21) 23 (10.6) 44 (18) 3 (1) 1 (3) 0
Major: I 14 (6) 18 (8.2) 4 (2) 23 (10.6) 3 (1) 1 (0.5) 0 0
Major: II 6 (3) 2 (0.9) 5 (3) 5 (2.3) 0 0 0 0
Major: III 18 (8) 13 (5.9) 50 (27) 11 (5.1) 45 (18) 25 (11) 4 (14) 26 (12)
Major: IV 16 (7) 9 (4.1) 28 (15) 7 (3.2) 40 (16) 36 (16) 2 (7) 36 (16)
Major: V 6 (3) 5 (2.3) 9 (5) 1 (0.5) 12 (5) 2 (1) 2 (7) 2 (1)
Group 13 (5.8) 6 (2.7) 11 (6) 5 (2.3) 19 (7.8) 7 (3.2) 4 (14) 4 (1.8)
Total # 225 220 184 217 245 219 29 221
< LIR > 11.33 · · · 11.88 · · · 12.35 · · · 13.00 · · ·
< mass > 11.06 11.02 11.17 10.92 11.14 10.78 11.07 10.54
Note. — Values represent the total number in each morphological class with the percentage of the total in each redshift bin given in
parentheses. Note that the percentages do not add up to 100% since a single object can be placed into more than one classification.
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Table 6
Automated Morphological Parameters for 70 µm Sources
log(LIR/L) Concentration Asymmetry Clumpiness Gini M20 Class [%]
median σ median σ median σ median σ median σ E/S0 S Irr
< 10.0 2.83 0.53 0.11 0.16 -0.05 0.08 0.51 1.51 -1.82 0.38 29 47 24
10.0− 10.5 2.91 0.57 0.12 0.09 -0.09 0.06 0.51 3.23 -1.85 0.33 25 60 15
10.5− 11.0 2.97 0.50 0.12 0.10 -0.08 0.10 0.50 3.28 -1.85 0.33 23 63 14
11.0− 11.5 2.97 0.53 0.15 0.11 -0.07 0.09 0.50 0.70 -1.79 0.32 15 62 23
11.5− 12.0 2.92 0.54 0.20 0.15 -0.03 0.19 0.49 0.07 -1.69 0.36 12 46 43
12.0− 12.5 2.93 0.53 0.23 0.14 0.06 0.24 0.47 0.08 -1.63 0.37 14 33 53
12.5− 13.0 2.80 0.50 0.26 0.15 0.14 0.23 0.44 0.07 -1.58 0.29 17 22 62
> 13 2.99 0.41 0.16 0.16 0.10 0.27 0.49 0.08 -1.55 0.25 32 36 32
All LIR 2.94 0.53 0.15 0.13 -0.05 0.18 0.50 1.82 -1.74 0.35 18 51 31
